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Introduction
In a series of seminal papers, Kevin Burke and John Dewey (Burke 1977; Burke and Dewey 1973; Dewey and Burke 1974) linked Tuzo Wilson's ideas of hotspots and rifts to the development of continental margins. Their ideas created an important framework for more detailed studies of rifting and the development of continental margins that have followed. They noted that rifted margins initially form by the linkage of rift segments created at hotspots. A fundamental part of this model is that some parts of rifted margins develop near hotspots where voluminous, commonly alkalic, magmatism may precede or accompany rifting, whereas other margins form outside the influence of hotspots with little or no magmatism.
Investigations over the past few decades have shown that rifted continental margins are highly diverse with large variations in the degree of stretching of continental crust, the geometry of extensional structures, depositional patterns and amount of magmatic material generated during rifting (Franke 2013; Peron-D r a f t Pinvidic et al. 2013; Reston 2009 ). This diversity mirrors that of continental rifts from which rifted margins develop (Rosendahl 1987; Sengor and Burke 1978) .
Volcanic Rifted Margins
Some continental rifts develop by stretching and thinning of diverging continental edges with a negligible amount of pre-or syn-rift magmatism, for example, the western branch of the East African Rift (Ebinger 1989; Rosendahl 1987) . In some cases continued divergence results in extreme attenuation of crustal lithologies and even exposure of mantle rocks prior to the onset of seafloor spreading (Peron-Pinvidic et al. 2013 ). Steep, seaward-dipping normal faults and detachment systems control the deposition of the syn-to post-rift sedimentary sections. There is commonly an abrupt onset of seafloor spreading and generation of oceanic crust at the seaward edge of these margins marking the continent-ocean transition.
In contrast, rifting in areas of elevated mantle temperatures results in decompression melting and the generation of basaltic magma (White and McKenzie 1995; White and McKenzie 1989; White et al. 1987) . Continued divergence and magmatism result in the creation of a thick mafic crust (commonly >20 km) with a seismic structure that is transitional to more normal oceanic crust (Fig. 1) , typically ~7 km thick (Bown and White 1994) . At these types of Volcanic Rifted Margins (VRMs) intervals of thick mafic crust can be 10s to 100s of kilometers wide and can extend for 100s of kilometers along the D r a f t margins (Franke 2013; Geoffroy 2005; Menzies et al. 2002) , making them some of the largest igneous provinces (LIPs) on Earth (Coffin and Eldholm 1994) .
Seismic reflection surveys commonly identify distinctive seaward-dipping reflectors (SDRs) in the upper crust (UC) of these areas. SDRs consist of stacked, off-lapping, convex-upward, wedges of relatively high-velocity crust (~6.5 km/sec) that thicken seaward as their dip increases (Larsen and Jakobsdóttir 1988; Mutter 1985) . The individual layers are tens of kilometers long and have an aggregate thickness of several kilometers. Correlation with onshore basaltic lavas, drilling, and seismic velocities all support the interpretation that SDRs are mainly subaerial lava flows that pass laterally into submarine lavas of the adjacent oceanic crust. Flood basalts form on surfaces with slopes of 1-2°, so the dipping lava assemblages must have been tectonically rotated after they were erupted. SDR packages are commonly interpreted as subaerial basaltic lava flows, in part because of the lateral continuity of the flows that is not expected in submarine eruptions (Planke et al. 2000) . However, high effusion rate submarine lavas from the Hawaiian Arch have lobate forms on the surface of flows that are laterally continuous for tens of kilometers (Lipman et al. 1989 ). So SDRs do not necessarily signal subaerial eruptions.
The geometry of SDRs suggests progressive subsidence of the locus of magmatism that moved seaward relative to the rifted margin during spreading.
The lower crust (LC) beneath SDRs has relatively high seismic velocities (>6.5 D r a f t km/sec) that correlate with gabbroic rocks but also overlap with the range of velocities of lower crustal continental rocks and other lithologies (Holbrook and Keleman 1993) . Thus, the nature of the lower crust at VRMs has been a matter of continuing debate.
The composition and mode of construction of VRMs are relevant to understanding some of the largest fluxes of magma and energy from the Earth's interior to the surface as well as to reconstructing various stages of development of rifted margins. In order to gain some insight into the composition and internal structure of thick mafic crust of VRMs it is useful to consider the range of processes known from accretion of oceanic crust at mid-ocean ridge spreading centers and in subaerial spreading environments like Iceland. Active spreading environments are advantageous in that they reveal ongoing processes and lack extensive overlying sedimentary sections that typically hide the deep crustal structure of VRMs.
Thick Mafic Crust
Where rifting occurs above mantle hotspots very large volumes of basaltic magma are generated. Some of this material is intruded into the rifted continental crust but much of it builds a thick, mafic, igneous crust that is transitional to oceanic crust as seafloor spreading is established. Where hotspots remain beneath spreading ridges, a swath of relatively thick oceanic crust extends from the spreading center to the thick magmatic crust of the VRM, tracking the plate D r a f t movement relative to the hotspot as spreading proceeds. The internal structure of these ridges is different from that of other volcanic island and seamount chains in which hotspot magmatism is superimposed on older lithosphere rather than modifying spreading processes at a mid-ocean ridge (MOR).
At VRMs crustal construction may resemble a scaled-up version of seafloor spreading. So models of seafloor spreading may provide some insight into the construction of the thick mafic crust of VRMs. Several investigators have used models of seafloor spreading based on the internal structure of ophiolite complexes in considering accretion processes at VRMs (Holbrook and Keleman 1993; Kelemen and Holbrook 1995; Korenaga et al. 2002; Maclennan et al. 2003; Maclennan et al. 2001) . Subaerial spreading that creates a thick mafic igneous crust above the Iceland hotspot bridges the gap between these extremes.
There is great diversity in the oceanic crust as a function of the volume of magma delivered to the crust per unit of spreading referred to as the magma budget (Karson et al. 2015) . In areas of low magma budget, typical of slow-spreading environments, the oceanic lithosphere experiences stretching with little magmatic construction resulting in highly faulted and altered crust and mantle, and in some cases oceanic core complexes. Highly stretched crustal sections can be punctuated by less damaged volumes of crust formed by pulses of magmatism creating a highly heterogeneous crust on a regional scale. At higher magma budgets, typical of intermediate rate to fast-spreading centers, a relatively simple D r a f t layered mafic crust is constructed (Karson et al. 2015) . Oceanic crust formed at high magma budgets may be relevant to understanding how much thicker mafic crust forms at VRMs. Crustal accretion in Iceland represents spreading at an extremely high magma budget, comparable to that of fast-spreading mid-ocean ridges, despite its slow spreading rate of ~20 mm/yr. (Einarsson 2008).
Regardless of setting, basaltic magma delivered to the surface builds the crust by two different processes controlled by the depth and temperature of magmatic emplacement to create an upper and lower crust. The upper crust consists of lava flows fed by dikes and commonly a sheeted dike complex of nearly 100%, side-by-side, sheet-like intrusions. Variations on this theme occur in ophiolites, oceanic crust, Iceland, VRMs. The geometry and internal structure of these units provide important keys to understanding how the upper crust is constructed in different environments and can have implications for deeper level processes.
The lower crust is not as well known across this spectrum of spreading environments, but based on ophiolite complexes, it appears to be constructed by incremental intrusion of magma that may be deformed by high-temperature, solid-state (or magmatic) flow during accretion during spreading. Different modes of intrusion and deformation kinematics have resulted in a range of models for the construction of the middle to lower crust (Boudier and Nicolas 2011; Kelemen et al. 1997; Quick and Denlinger 1993) .
D r a f t
Although there are numerous potential pitfalls in correlating seismic structure to the geology of the oceanic crust, the seismic structure provides some general constraints. The seismic thickness of oceanic crust is on average ~7 km (Bown and White 1994) . In general, the upper part of the oceanic crust, commonly referred to as seismic layer 2, is composed of 1-2 km of basaltic lavas and dikes of very similar composition with compressional seismic velocities of 4 to ~6.5 km/sec. Rapidly increasing velocity with depth is interpreted to be primarily related to the closure of cracks with increasing pressure and mineralization. The base of layer 2 has been interpreted as a boundary between upper and lower crustal rocks, an alteration front, and a horizon where crack porosity rapidly decreases (Christeson et al. 1994) . In drilling and direct observations of the upper oceanic crust, all of these relationships occur in close proximity (Karson et al. 2015) .
The lower crust is composed of broadly gabbroic rocks. Heterogeneous gabbros with variable textures and bulk compositions similar to the upper crust pass downward into layered gabbroic rocks with higher MgO contents. The layering is the product of igneous cumulate processes, compaction, concordant sheet-like intrusions, and high-T flow and melt segregation. Gabbroic rocks have seismic velocities of >6.5-7.2 km/sec, defining seismic layer 3. Layer 3 in oceanic crust and gabbroic units in ophiolites typically have thicknesses of 4-5 km.
In ophiolites ultramafic igneous rocks, including dunites and wehrlites, produced as part of the same process, are common in the lower part of the igneous crust.
These lithologies have rarely been recovered from the oceans. They are commonly interlayered with gabbroic rocks and in some cases occur as layered units tens to hundreds of meters thick. The seismic velocities of these olivine-rich lithologies overlap with those of underlying residual mantle peridotites upon which the magmatic crust rests. From a seismic perspective, ultramafic magmatic rocks would be below the Moho discontinuity. Thus, if ultramafic magmatic rocks occur in oceanic crust, the seismic thickness of the crust will not correspond to the magmatic thickness. This has implications for both the bulk composition of the crust as well as assessing variations in magma production rates along spreading centers as well as VRMs.
Despite the ambiguities noted above, the seismic velocity structure of the crust formed in different environments provides a useful basis for comparison. Crustal seismic velocity sections show some systematic variations with a clear distinction between the UC and LC. UC has lower seismic velocities (Vp<6.5 km/sec) and steep velocity gradients in contrast to the higher velocities and very gentle vertical gradients of the LC. With increasing total crustal thickness, for example, near hotspots, the proportion of upper crust (Layer 2) decreases. The increase in total crustal thickness is a result of increasing lower crustal (Layer 3) thickness implying more intrusive than extrusive construction (Mutter and Mutter 1993) .
The proportion of lower to upper crust (LC:UC) is highly variable among magmatic crustal sections formed in different environments. Petrologic arguments suggest that there should be at least as much fractionated intrusive material as extrusive upper crustal material (Cox 1980) , but this is a minimum.
Therefore, basaltic lava units on VRMs imply at least an equal thickness of intrusive material deeper in the crust or perhaps dispersed in the mantle. The ratio of LC to UC is 2:1 to 3:1 in normal oceanic crust (Bown and White 1994) and ophiolites (Casey et al. 1981; Moores and Vine 1971; Nicolas 1989 ).
Globally, crustal velocity sections from thick oceanic crust, including VRMs, show a large range of ratios with LC thickness generally greater than that of the UC and many sections with ratios of 2:1 to 4:1 (Mutter and Mutter 1993) .
. It is not clear why this wide variation exists. It seems possible that conductive and hydrothermal cooling create an insulating lid, permitting crustal thickening by intrusion with limited growth of the overlying lid. The spatial distribution of LC construction is also likely to be important. Focused intrusion at a shallow level beneath a spreading axis can be cooled by localized hydrothermal systems, whereas intrusion over a wider, deeper region of the crust would tend to keep the LC hotter longer (Maclennan et al. 2005) . If the LC is constructed more rapidly than it is cooled, it could flow beneath the UC resulting in relative thickness changes.
Models for MORB generation depend on assumptions of the composition of the mantle and the bulk composition of the magmatic crust. In most of these models fractionation of about 50% is required to produce melt of an appropriate basaltic composition. Generating more siliceous (rhyolitic) melts would require ~90% fractionation. So for each kilometer of basaltic material, a thickness of 2 km of fractionated plutonic material would be expected and hence a LC to UC ratio of 2:1. Although a range of igneous processes could potentially affect this simple relationship, it is reasonable to first-order and it is in accord with the internal structure of the oceanic crust and ophiolites.
NE Atlantic Crustal Structure
The NE Atlantic region features a range of settings of magmatic crustal construction ( Iceland to the SE. Crust to the north and south of the ridge is about 12-15 km thick (Bohnhoff and Makris 2004; Smallwood et al. 1999; White et al. 2008 ).
The systematic pattern of crustal thickness along the Reykjanes and Kolbeinsey
Ridges is interpreted as a result of progressively elevated mantle temperatures approaching the Iceland hotspot (Hooft et al. 2006; Smallwood et al. 1995; White and McKenzie 1989) . Variations in thickness in the thick, hot crust may be reduced by along-axis flow, mainly in the lower crust (Bell and Buck 1992) . A similar process may apply on a larger scale to crustal accretion on the VRMs and hotspot ridges of the NE Atlantic. The observed variations may be the result of lateral flow and thinning of thick (~40 km) mafic crust produced near the hotspot center to a thickness of about 25 km along hotspot ridges. Less thinning would D r a f t be expected on the landward parts of VRMs where the lower crust consists of rifted continental lithosphere intruded by mafic dikes and plutons (Nielsen and Brooks 1981; White et al. 2008 ) that does not get hot enough to flow.
Alternatively, the thick crust of central Iceland might be interpreted as the result of a recent, anomalous rate of magmatic production that will not later be reduced in thickness.
Icelandic Crust and Active Spreading Processes
The thick mafic crust of Iceland and the processes that create it provide useful analogs for the magmatic crust of VRMs. Dynamic support by the underlying hotspot provides access to subaerial spreading processes. Glaciation has removed as much as 2 km of the lava pile providing a view of the upper crust.
Extensive geological and geophysical studies (Brandsdóttir and Menke 2008; Einarsson 2008; Saemundsson 1979 Saemundsson , 1986 provide constraints on spreading processes that may apply broadly to the accretion of mafic crust of VRMs.
Uplifted and glaciated exposures on the East Greenland margin show a somewhat deeper structural level near the ocean-continent transition helping justify this extrapolation.
Upper Crust of Iceland
The center of the Iceland hotspot lies beneath the highest point of the island marked by the Vatnajökull Icecap (Wolfe et al. 1997) . The plate boundary zone is complex with the Eastern Rift Zone (ERZ) and Northern Rift Zone (NRZ) D r a f t extending south and north from the hotspot, respectively (Fig. 4) . The ERZ overlaps with the less active Western Rift Zone (WRZ) (Einarsson 2008). These active rift zones are linked to the Reykjanes Ridge to the south and Kolbeinsey Ridge to the north by transform fault zones. The transform offsets shift the plate boundary eastward relative to the regional trend of the MAR keeping the boundary centered on the hotspot (Einarsson 2008; Saemundsson 1974 Saemundsson , 1979 .
The rift zones are composed of an array of overlapping, volcano-tectonic spreading segments, 10-20 km wide and 10s of kilometers long (Saemundsson 1978 (Saemundsson , 1979 , analogous to spreading segments of MORs. Each segment consists of a magmatic center marked by a central volcano (Walker 1957 (Walker , 1964 granophyres, and high-T alteration (Saemundsson 1979; Walker 1957 Walker , 1964 .
These are linked to dense dike swarms that can be traced for many kilometers along strike. Exhumed lavas dip gently toward the NVZ in a pattern similar to SDRs. Dikes, generally normal to the lava flows, dip in the opposite direction.
The lavas generally dip less than 20° toward the NVZ with wedge-shaped packages of lava thickening toward the NVZ. Horizontal zeolite zonation, assumed to have formed in a uniform horizontal geothermal gradient, is superimposed on the tilted lavas demonstrating that the tilting occurred before burial metamorphism (Walker 1960) . The total thickness of the UC units in Iceland is not accurately known, but drilling in the most deeply exhumed areas shows that the lavas are at least 4.5 km thick (Pálmason et al. 1978) .
Overall, the geometry of lava flows on Iceland is very similar to that of SDRs (Mutter 1985) . The inward-dipping structure implies substantial subaxial subsidence and has inspired models of accretion in which the upper crust is constructed by thickening of the lava pile accommodated by subsidence centered on the axis and diminishing off axis with progressive spreading (Bodvarsson and Walker 1964; Pálmason 1986 
D r a f t
Both the ERZ and NRZ are propagating away from the hotspot (Fig. 4) . This is most clearly seen in the way that young lavas and rift structures of the NVZ truncate the transform faults. To the south, the ERZ extends past the South Iceland Seismic Zone (Fig. 4) . In the north, the NRZ cuts major strands of the Tjörnes Transform Zone. Both the propagating rift zones and transforms remain active reflecting the complexity of the plate boundary kinematics and the significant time required for its rearrangement. The well known 'ridge jumps' to the east in Iceland (Einarsson 2008; Garcia et al. 2002; Saemundsson 1974 Given the geothermal gradient in the NVZ of ~100°C/km, it would be expected that gabbroic material would be weak and ductile at depths of <10 km (Hirth et al. 1998 ). This is consistent with the absence of seismicity in the lower crust of Iceland (Stefánsson et al. 1993 ) with the exception of active magmatic areas of the NVZ and the major transform fault zones (Jacobsdóttir 2008; Soosalu et al. 2010 ). Jones and Maclennan (2005) argue that initially hot weak LC near the hotspot flows along-strike beneath the NVZ thereby decreasing the LC thickness. The LC thins to the north and south away from the hotspot for >100 km creating the broad Iceland platform. The modified crustal thickness is frozen-in to the D r a f t lithosphere as it spreads laterally away from the plate boundary. Isostatic adjustments to crustal thicknesses modified by the LC flow are reflected in the form of the Iceland platform (Fig. 2) . Modification of original crustal thicknesses by LC flow would be superimposed on regional changes in the thermal structure and crustal thickness along the Mid-Atlantic Ridge (Hooft et al. 2006; Jones and Maclennan 2005; White and McKenzie 1989) . Similarly, Bell and Buck (1992) interpreted the lack of segmentation in along-axis bathymetry and mantle Bouguer gravity anomaly of the Reykjanes Ridge as a result of lateral flow of hot, weak crustal material.
These types of changes in crustal structure should also be preserved in volcanic hotspot ridges with thick oceanic crust. Crust to either side of a hotspot ridge would be thickened by LC flow at the expense of initially thick crust in the center of the ridge. Bathymetry and crustal thickness variations across various parts of the Greenland-Iceland-Faeroe Ridge (GIFR) may reflect this process (Bohnhoff and Makris 2004; Korenaga et al. 2000; White et al. 2008) .
Systematic changes in crustal thickness occur along the GIFR with the thickest crust beneath the Iceland hotspot (~40 km) decreasing to ~25 km along the hotspot ridge to the NW and SE. Thicker crust at the margins might be the result of a cooler, rifted continental edge where less LC flow was possible.
For along-axis flow sufficient to reduce the LC thickness by ~30% it is likely that the UC and LC would be decoupled. Thus, the tectonic processes described above for the UC might not reflect this deeper level flow (Fig. 5) . Decoupling at different crustal levels is a general feature of tectonic settings where a rheologically weak crustal layer underlies a stronger, rigid upper crust (Axen et al. 1998; Hopper and Buck 1996; McKenzie et al. 2000; Royden and Burchfiel 1987) . LC flow could help accommodate the subaxial subsidence required by the kinematics of construction of the overlying lava pile. Given the similarities in crustal structures along-axis LC flow is a potentially important factor in the development of thick mafic crust at VRMs. It is also possible that this process occurs along mid-ocean ridge spreading centers where the LC is hot enough to flow during spreading. Kinematic studies of the Oman Ophiolite demonstrate the importance of along-axis flow in the LC away from centers of mantle upwelling (Nicolas et al. 1996) .
Implications for VRMs
The brief summary of UC and LC relations in Iceland and related areas points to a complex 3D mode of accretion with significant rift zone-parallel displacements and mass redistributions (Fig. 5) . Similar UC structures in East Greenland provide a link to early stages of development of VRMs. These relationships suggest some possible features that might be expected at VRMs. In the context of the development of VRMs above mantle hotspots (Burke and Dewey 1973), the kinds of complications outlined above would be predicted in specific settings D r a f t (Fig.6 ). By analogy with Iceland, there are some predictable relationships in VRM crust formed near hotspots and on volcanic ridges extending into adjacent oceanic crust.
Seismic data from Iceland and other areas of thick mafic crust show a range of ratios of thickness of LC to UC. If as in Iceland these areas were constructed rapidly enough to remain hot during extension, it likely that they have been modified by some amount of lateral flow, probably mainly along the axis. The same is likely to apply to oceanic crust formed at relatively fast-spreading ridges and to slow-spreading ridges near hotspots (Bell and Buck 1992) Seaward-dipping subaerial flood basalts built on rifted pre-rift crust are different from true SDRs. The flood basalts probably dip seaward because of subsidence of the seaward edge of the rifted crust that has been massively intruded by dike swarms and mafic plutons (Fig.1) . True SDRs probably only form above newly constructed thick mafic LC that is capable of lateral flow.
As the thick mafic crust is created at VRMs the UC, including SDR sequences are likely to be mechanically decoupled from underlying LC. SDRs form by progressive axial subsidence above the weak, ductile middle to lower crust.
Rather than being driven by loading of basaltic material at the surface, subaxial subsidence in the UC may be controlled by outflow of LC along the axial zone.
Attempts to restore VRM UC structures typically result in space problems in the LC that may not be possible to reconcile with deformation of pre-rift crust. Models for the development of SDRs and VRM crust typically include landward-dipping faults to account for the seaward dip of originally horizontal lava flows and sediments (Geoffroy 2005; Karson and Brooks 1999) , just the opposite of the kinematics of non-volcanic rifts and margins. One possibility is that these structures form in the upper plate of detachment systems that dip beneath the D r a f t margin (Bohannon 1986; Bosworth 1987; Wernicke 1981) . But this is unlikely where symmetrical VRMs develop, as in the NE Atlantic. Quirk and others (2014) proposed a model involving complex LC flow with a residual axial horst but this is not necessary if there is substantial axial mass redistribution. In Iceland where symmetrical, inward-dipping lava sequences occur at abandoned rifts, no old, residual structure is preserved (Garcia et al. 2003; Hardarson et al. 1997 ).
Instead, these upper crustal structures have probably formed over a mobile LC (Pálmason 1986 ). Where VRMs form near hotspots, thick mafic crust similar to that of Iceland may form. These would be likely places for the complex style of spreading outlined above (Fig. 6) . Along-strike variations in the internal structure and composition of thick, mafic, igneous crust of VRMs is likely to be the result of complex accretion of the upper crust and along-axis flow of the lower crust that diminishes with distance from hotspots. 
Conclusions
